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Edited by Ulf-Ingo Flu¨ggeAbstract Arabidopsis thaliana plants with mutations in the
genes encoding eukaryotic initiation factor (eIF4E) or isoform
of eIF4E (eIF(iso)4E) were tested for susceptibility to Clover
yellow vein virus (ClYVV), a member of the genus Potyvirus.
ClYVV accumulated in both inoculated and upper uninoculated
leaves of mutant plants lacking eIF(iso)4E, but not in mutant
plants lacking eIF4E. In contrast, Turnip mosaic virus (TuMV),
another member of the genus Potyvirus, multiplied in mutant
plants lacking eIF4E but not in mutant plants lacking
eIF(iso)4E. These results suggest the selective involvement of
members of the eIF4E family in infection by potyviruses.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The use of Arabidopsis thaliana as a model species for plant
molecular genetics has accelerated the identiﬁcation of host
factors required for viral infection. A number of A. thaliana
genes or loci required for viral infection have been identiﬁed
[1–4]. One mutant, lsp1, which contains a stop codon in the
coding sequence of an isoform of eukaryotic initiation factor
4E (eIF(iso)4E), shows almost complete resistance to the pot-
yviruses Turnip mosaic virus (TuMV) and Tobacco etch virus
(TEV) [5]. Another Arabidopsis line with a mutation in the eI-
F(iso)4E (AteIF(iso)4E) gene shows resistance to the potyvi-
ruses TuMV and Lettuce mosaic virus (LMV) [6]. These
results suggest that eIF(iso)4E has an essential role during
potyvirus infection.
The genomes of viruses in the genus Potyvirus are RNAs of
about 10 kb that lack a cap structure at the 5 0 end. Instead of aAbbreviations: ClYVV, clover yellow vein virus; eIF4E, eukaryotic in-
itiation factor; eIF(iso)4E, isoform of eIF4E; LMV, Lettuce mosaic
virus; TEV, Tobacco etch virus; TuMV, Turnip mosaic virus
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the 5 0 end of the genomic RNA. Experiments using the yeast
two-hybrid system and an enzyme-linked immunosorbent as-
say have demonstrated that the TuMV VPg interacts with
AteIF(iso)4E [7,8]. Loss of the interaction of VPg with AteI-
F(iso)4E is correlated with a loss of infectivity of the virus in
Brassica plants [8], which suggests that the interaction is criti-
cal for viral production.
In addition to eukaryotic initiation factor (eIF4E), related
proteins including eIF(iso)4E have been identiﬁed in most
eukaryotes [9–14]. Some of these proteins are unlikely to
function eﬃciently as translation initiation factors, although
their sequences are highly similar to that of eIF4E [10–
12,14]. Expression of proteins homologous to eIF4E from
Caenorhabditis elegans, Schizosaccharomyces pombe, and Da-
nio rerio were not able to confer eﬃcient growth of eIF4E-
disrupted yeast [10,11,14]. These results suggest that the roles
of these proteins diﬀer from that of eIF4E. AteIF4E eﬃ-
ciently rescued the growth of a yeast mutant in which the
eIF4E gene was disrupted, but AteIF(iso)4E did not [12].
Furthermore, it has been demonstrated that the mRNAs of
eIF4E and eIF(iso)4E are diﬀerentially expressed, with AteI-
F(iso)4E expressed in ﬂowers and the shoot apical meristem,
and Arabidopsis eIF4E (AteIF4E) expressed at high levels in
all tissues except for roots [12].
In this study, we examined whether AteIF4E and
AteIF(iso)4E are essential in the process of potyvirus infection,
using Arabidopsis mutants and two taxonomically unrelated
potyviruses, clover yellow vein virus (ClYVV) [15,16] and
TuMV. The mutant lines used lacked either AteIF4E or AteI-
F(iso)4E.2. Materials and methods
2.1. Plant and virus strains
Columbia (Col-0) was used as the wild-type line. The cum1-1 [17]
and cum1-2 mutants in AteIF4E (At4g18040) were obtained by screen-
ing EMS-mutagenized and T-DNA-tagged plants, respectively. The
cum1-2 mutant was derived from SALK145583, a line found in a col-
lection of T-DNA-tagged mutants [18]. The insertion in AteIF4E was
conﬁrmed by PCR using following primers: LP (cat-
ttgatgcagacgagaattaaa), RP (agttccttgcgacccgtgttt), and pROK-LB
(gcgtggaccgcttgctgcaact). LP and RP contain sequences of AteIF4E
and the pROK-LB in the T-DNA, respectively. The mutant in AteIF
(iso)4E (At5g35620) used was the AteIF(iso)4E-1 mutant line, kindly
provided by Robaglia and co-workers [6]. The transgenic plants con-
taining the AteIF4E sequence as a transgene in the cum1-1 background
were described previously [17].blished by Elsevier B.V. All rights reserved.
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nant viruses ClYVV and ClYVV/C3-S65T, derived from pClYVV-Pst/
CP and pClYVV/C3-S65T, respectively, were propagated in Vicia faba
(cv. Wasesoramame) and inoculated mechanically [19,20]. pClYVV/
C3-S65T carries a gene for green ﬂuorescent protein (GFP). The
TuMV cabbage strain was kindly provided by Natsuaki and co-work-
ers [21] and used to examine the susceptibility of the Arabidopsis
mutants.
2.2. GFP imaging
GFP ﬂuorescence was monitored as a marker for infection with
ClYVV/C3-S65T, using an epiﬂuorescence microscope (SZX-12;
Olympus, Tokyo, Japan) equipped with a GFP cube (SZX-MGFPA;
Olympus).
2.3. Detection of viruses
ClYVV accumulation was conﬁrmed by Western blotting. Upper
uninoculated leaves from each plant at 14 days after inoculation
(dai) were used in each experiment. Antibodies were prepared against
puriﬁed ClYVV [16].
TuMV infection was assayed by the RT-PCR method. Leaves were
collected after 11 dai and total RNAs were extracted by TRIzol Re-
agent (Invitrogen). cDNAs were generated from 300 ng of the total
RNA using cloned AMV-reverse transcriptase (Invitrogen) and one-
twentieth of them were subjected to PCR. PCR ampliﬁed 300 bp of
TuMV–cDNA fragments through 30 cycles of denaturation for
0.5 min at 94 C, annealing for 0.5 min at 60 C and primer extention
for 1 min at 72 C using Ex-Taq DNA polymerase (TaKaRa) and a
pair of primers, 5 0-GCGAAAGGCAAGAGGCAAAGACA-
GAAAC-3 0 homologous to the viral genome, and 5 0-
GCCAAAGTGCTCTTGCACAAGGGTGATG-30 complementary
to the viral genome.3. Results
3.1. Arabidopsis as a host for ClYVV
We ﬁrst tested the infectivity of ClYVV in Arabidopsis. Col-0
plants were inoculated with ClYVV or ClYVV/C3-S65T (Fig.
1A). The inoculated plants showed no symptoms (data not
shown). However, accumulation of the virus was detected in
the upper leaves at 14 dai (Fig. 1B). Microscopic observation
revealed GFP ﬂuorescence in cells infected with ClYVV/C3-Fig. 1. Wild-type and a recombinant line of ClYVV infecting Arabidopsis. (
ClYVV/C3-S65T. ClYVV has an RNA genome of about 10 kb with a viral
ClYVV/C3-S65T contains a gene for GFP between the P1 andHC-Pro genes.
(B) Viral accumulation in Arabidopsis. Uninoculated upper leaves were collec
ClYVV virion. (C) GFP ﬂuorescence derived from the viral infection. The
infection spread. The image was made 48 h after inoculation. Scale bar = 20S65T (Fig. 1C). Since GFP was a good marker for ClYVV
infection and infection with ClYVV produced no symptoms,
ClYVV/C3-S65T was used for further experiments.
3.2. Infectivity of ClYVV in AteIF4E and AteIF(iso)4E mutants
To determine whether eIF4E or eIF(iso)4E are essential for
ClYVV infection in Arabidopsis, a mutant for each gene was
inoculated with the virus. The mutant line in AteIF4E used
was cum1-1 [2]. cum1-1 was isolated from an EMS-mutage-
nized population based on the low levels of multiplication of
Cucumber mosaic virus (CMV), a plant RNA virus that does
not belong to the genus Potyvirus, in this line. The cum1-1 mu-
tant contains a premature stop codon in exon 1 of AteIF4E. In
addition to cum1-1, a T-DNA insertion line (SALK_145583)
homozygous for an insertion in the ﬁrst intron of AteIF4E
(Fig. 2) showed reduced multiplication of CMV (data not
shown). We therefore assumed that these two lines contained
null alleles. The AteIF(iso)4E-1 mutant line was used as a line
with mutation in eIF(iso)4E. The loss of AteIF(iso)4E expres-
sion in this mutant was reported by Duprat et al. [6]. AteIF4E
mutant plants are smaller than wild-type plants, but AteIF
(iso)4E-1 showed no growth defects under our experimental
conditions.
Three-week-old plants were inoculated with ClYVV/C3-
S65T. Clusters of cells showing GFP ﬂuorescence were ob-
served at 2 dai in AteIF(iso)4E-1 as well as in Col-0 (Fig.
3A). GFP ﬂuorescence was also observed in upper uninocu-
lated leaves at or after 5 dai. This result was unexpected, be-
cause previous ﬁndings indicated that AteIF(iso)4E is a host
factor that is necessary for potyvirus replication [5,6]. In con-
trast, GFP ﬂuorescence was not observed in cum1-1 (Fig. 3A)
or cum1-2 (data not shown). One hundred and ﬁfty four infec-
tion foci were observed in 80 inoculated leaves of Col-0, but no
infection foci were observed in 200 and 160 inoculated leaves
of cum1-1 and cum1-2, respectively. Although Col-0 showed
GFP ﬂuorescence in a single cell 30 h after inoculation, no
ﬂuorescence was observed in these AteIF4E mutants through-
out the observation period of seven days. These results suggestA) Schematic representation of the genome structures of ClYVV and
protein genome-linked at the 5 0 end and a poly(A) tail at the 3 0 end.
GFP is cleaved from the polyprotein by the viral proteases P1 and NIa.
ted at 14 dai and subjected to Western blotting using an antibody to the
number of cells expressing GFP ﬂuorescence increased as the viral
0 lm.
Fig. 3. Infectivity of potyviruses in wild-type and mutant Arabidopsis
lines. To test the susceptibility of the AteIF4E and AteIF(iso)4E
mutants to potyviruses, three-week-old plants of each genotype were
inoculated manually. (A) Visualization and detection of ClYVV
infection. GFP ﬂuorescence was observed to monitor ClYVV/C3-
S65T infection in inoculated and uninoculated leaves at 8 and 14 dai.
Uninoculated leaves at 14 dai were also subjected to Western blotting
with an antibody to the ClYVV virion. (B) Complementation test using
AteIF4E for ClYVV infection in cum1-1. Genomic DNA and a cDNA
encoding AteIF4E were used to produce transgenic plants in the cum1-
1 background. Transgenic plants (T2 generation) that were homozy-
gous for an insertion were tested for susceptibility to ClYVV. A
transgenic plant line containing genomic DNA unrelated to AteIF4E
was used as a negative control. Three-week-old plants were manually
inoculated with ClYVV/C3-S65T. Photographs were taken at 8 dai. A
Western blot was performed to examine systemic infection in these
plants at 14 dai.
Fig. 2. Location of the mutations in AteIF4E and AteIF(iso)4E. The
exon–intron structures of AteIF4E and AteIF(iso)4E and the locations
of the mutations and the insertions are shown. The AGI numbers for
both genes are shown in parentheses. White open boxes and diagonal
lines represent exons and introns, respectively. The cum1-1 mutation
contains a premature stop codon in exon 1 of AteIF4E. Insertions of T-
DNA (a foreign gene from Agrobacterium) and dSpm (a modiﬁed
transposon) were used to disrupt the gene.
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inhibited in the AteIF4E mutants, but not in the AteIF(iso)4E
mutant.
To conﬁrm that eIF4E is involved in the infection of Arabid-
opsis by ClYVV, cum1-1 plants transformed with the wild-
type AteIF4E gene were inoculated with ClYVV/C3-S65T.
Three and two independent lines homozygous for a single
transgene were produced using the AteIF4E gene and a cauli-
ﬂower mosaic virus 35S-RNA-promoter-driven cDNA,
respectively. All transformants showed GFP ﬂuorescence sim-
ilar to that observed in Col-0 (Fig. 3B), demonstrating that the
mutation in eIF4E resulted in loss of susceptibility to ClYVV
in Arabidopsis.
3.3. The infectivity of TuMV in AteIF4E and AteIF(iso)4E
mutant plants
To conﬁrm that eIF(iso)4E is essential for TuMV replica-
tion, the mutant plants were inoculated with the cabbage strain
of TuMV [21]. Severe stunting was observed in Col-0 and
cum1-1 at 13 dai. AteIF(iso)4E-1 mutant plants showed no
symptom development, as reported previously [6] (Fig. 4).
Inoculated and upper non-inoculated leaves were collected
from Col-0, cum1-1, and AteIF(iso)4E-1 mutant plants, and
the total RNAs were extracted. The extracted RNAs were sub-
jected for RT-PCR to detect TuMV RNAs. TuMV RNAs
were detected both in inoculated and upper non-inoculated
leaves of Col-0 and cum1-1. On the other hand, no TuMV se-
quences were detected in AteIF(iso)4E-1 mutant plants (Fig.
4). We concluded that the AteIF(iso)4E-1 mutant plants are
resistant to TuMV but not to ClYVV. These results imply that
AteIF4E and AteIF(iso)4E are selectively involved in infection
by diﬀerent potyviruses.4. Discussion
In previous genetic studies using A. thaliana, only mutants
that lacked eIF(iso)4E were tested for resistance to Potyvi-ruses. In this report, A. thaliana mutants lacking either eIF4E
or eIF(iso)4E were tested to examine the role of these factors in
ClYVV replication. Unlike TuMV, TEV, or LMV, ClYVV re-
quired eIF4E but not eIF(iso)4E for infection. These results
show that potyviruses selectively utilize either eIF4E or eIF
(iso)4E to infect Arabidopsis.
The requirement of eIF(iso)4E for susceptibility of Arabid-
opsis to potyviruses led to examination of the involvement of
the eIF4E gene family in the natural resistance of several crops.
Characterization of natural recessive resistance traits to pot-
yviruses indicated that markers for eIF4E are tightly linked
to previously described resistance loci. The segregation of
resistance genes derived from a cross of pepper plants resistant
and susceptible to Potato virus Y correlated to that of the
eIF4E gene [22]. In addition, the eIF4E gene cosegregates with
the gene that confers recessive resistance to LMV in progeny of
crosses between susceptible and resistant genotypes of lettuce
[23]. Furthermore, transient expression of eIF4E using viral
Fig. 4. Infection of the wild and mutant Arabidopsis plants with
TuMV. (A) Symptom developments following TuMV infection.
Stunting and abnormal development were observed upon infection
of Arabidopsis with TuMV. The symbols + and  indicate TuMV-
inoculation and mock-inoculation, respectively. Photographs were
taken at 13 dai. (B) Detection of TuMV in RNA extracts from
inoculated leaves (upper panel) and non-inoculated upper leaves (lower
panel) of the wild and mutant Arabidopsis plants by RT-PCR. RT-
PCR products of individual TuMV-inoculated (lanes 1, 2, 4, 5, 7–10)
and mock-inoculated (lanes 3, 6 and 11) samples were separated by 2%
agarose gel electrophoresis. Arrowheads indicate the expected position
of TuMV-speciﬁc PCR fragments (300 bp). Lane 12 is control without
RNA extracts. Lane M is a 100-bp ladder DNA molecular weight
marker.
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experiments complemented the viral accumulation. A recent
study also showed that the recessive resistance genes sbm-1
and sbm-2 to Pea seed-borne mosaic virus (PSbMV) strains
P1 and P2, respectively, are tightly linked to the markers de-
rived from eIF4E and eIF(iso)4E in pea [24]. This result sug-
gests that both eIF(iso)4E and eIF4E are involved in natural
recessive resistance to potyviruses.
All of these studies, together with our present study, suggest
that eIF4E and eIF(iso)4E are not functionally interchange-
able for a given combination of a potyvirus and a host plant
species or cultivar. The molecular mechanism that determines
the speciﬁcity remains to be elucidated. One possible explana-
tion is that the binding aﬃnity of VPg to proteins in the eIF4E
gene family determines the speciﬁcity. TuMV VPg interacts
with AteIF(iso)4E and AteIF4E, and its interaction with AteI-
F(iso)4E, which is required for infection of A. thaliana, is
stronger than with AteIF4E [8]. Recently, Gao et al. [25]
showed expression of eIF4E from the susceptible pea line
can complement PSbMV infection in the resistant pea line car-
rying sbm1 resistance gene. They reported that eIF4E assisted
not only virus multiplication but also movement of the virus
from cell-to-cell. Therefore, it is possible that events during
genome replication, translation and cell-to-cell movement of
the virus are all involved in determining its speciﬁcity. As mul-
tiple protein homologs of eIF4E are present in plants, and it is
possible that not all of them function as initiation factors, itremains to be determined whether functional activity of the
proteins is required for potyvirus infection. Taken together
with our present results, these observations indicate that not
only eIF4E and eIF(iso)4E but also other proteins in the
eIF4E gene family should be considered genetic resources for
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